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We examine the recently-reported low-energy electron recoil spectrum observed at the XENON1T
underground dark matter direct detection experiment, in the context of new interactions with solar
neutrinos. In particular we show that scalar and vector mediators with masses . 50 keV coupled
to leptons could already leave a visible signature in the XENON1T experiment, similar to the
observed peak below 7 keV. This signals that dark matter detectors are already competing with
neutrino scattering experiments such as GEMMA, CHARM-II and Borexino. If these results from
XENON1T are interpreted as a new signal of such physics, the parameters which fit the excess face
challenges from astrophysics which seem very difficult to overcome. If they are rather viewed as
a constraint on new couplings, they herald the start of an era of novel precise probes of physics
beyond the standard model with dark matter detectors.
I. INTRODUCTION
Underground direct detection experiments were pro-
posed and developed to probe the existence of weakly-
interacting dark matter particles. While they were ini-
tially designed to probe a dark matter particle mass range
above a few GeV [1], models of thermal sub-GeV dark
matter particles [2, 3] together with the detection of mys-
terious cosmic ray excesses [4–6] and the absence of a con-
firmed dark matter signal have led to a shift of paradigm
in the community [7–13] and encouraged experimental
collaborations to search for light dark matter particles
and light mediators (such as the ones proposed in [3, 14]).
Currently, the strongest limits on spin-independent
WIMP dark matter above 10 GeV are from the
XENON1T experiment [15, 16], a liquid xenon time pro-
jection chamber with an active target of 2 tonnes that
operated at the Laboratori Nazionali del Gran Sasso be-
tween 2016 and 2018. XENON1T primary goal was to
look for nuclear recoils in the 1-100 keV range. The dual
phase TPC is able to discriminate energy deposition by
nuclear recoils from electron recoils normally caused by
background gamma ray events. Nonetheless, the lower
electron mass can lead to signals of low-energy processes
invisible in the NR channel. Thanks to low levels of exter-
nal radiation and exquisitely-modeled backgrounds, the
experiment is now sensitive to electronic recoil energy
down to around a keV, with a higher exposure than other
experiments. Compellingly, they have recently presented
results from the analysis of the low-energy ER spectrum
∗ celine.boehm@sydney.edu.au
† malcolm.fairbairn@kcl.ac.uk
‡ pmachado@fnal.gov
§ aaron.vincent@queensu.ca
obtained in their Science Run 1, which features a 3.5 σ
excess of events in the 1-7 keV region with 285 electronic
recoil events, well above the expected 232±15 expected.
The analysis rules out backgrounds from known particles
and potential systematic effects [17]. While the collabo-
ration could not exclude a potential contamination from
tritium at this time, they interpreted the excess as a pos-
sible sign of new physics. In particular they suggested
that solar axions (as initially suggested in [18, 19]) or a
larger neutrino dipole moment [20, 21] could lead to a
similar signature in the recoil energy spectrum. Ref. [22]
suggested that mildly relativistic light dark matter could
also leave such an imprint, though exotic physics would
be required to produce such a population.
In Ref. [23], expanding on the results of [24–26], we
demonstrated that the next generation of liquid xenon
experiments could detect new physics in the neutrino sec-
tor; a milestone considering that Direct Detection (DD)
detectors were originally built to probe the nature of dark
matter. Our analysis was focusing on the signatures that
scalar and vector particles (mediators of the interactions
between the visible and dark sectors) would have on the
number of solar neutrinos hitting DD experiments. We
showed in particular that such light particles would en-
hance the electron recoil rates at low energy, thus allow-
ing the next generation of dark matter direct detection
experiments to probe their existence.
Here we repeat this analysis in light of the new
XENON1T measurements and determine the value of the
couplings that would best fit the signal. Our hypothesis
is that the signal originates from the interaction of solar
neutrinos with electrons in the xenon target via some new
light mediator beyond the Standard Model of particle
physics. Should the signal originate from tritium con-
tamination or another contaminant such as argon, our
region would indicate that XENON1T is now sensitive
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2FIG. 1. The low-energy electron recoil data from XENON1T,
along with the best fit spectra for solar neutrinos interacting
via a new scalar (dashed orange mφ = 9 keV,
√
gegν = 9 ×
10−7), or vector (blue mZ′ = 41 keV,
√
gegν = 3.9 × 10−7)
mediator. We also show the case of a neutrino magnetic dipole
moment (green, µ = 2.3× 10−11µB).
to mediator couplings as small as a few 10−7, which is
around three times better than the limit set by dedi-
cated neutrino experiments such as NuTeV, CHARM-II
and GEMMA [23, 27].
In the next section we will set out the interactions and
cross sections that we will be using in this work to at-
tempt to fit the anomaly. We will then describe the con-
straints which exist on such new couplings from other ex-
periments and also from astrophysics. Following that in
the results section we will present the parameters which
best fit the anomaly. Finally we will conclude and make
some comments.
II. ANALYSIS
We consider the flux of pp neutrinos from the Sun and
their interaction with the electrons of the XENON1T ex-
periment in new physics scenarios. In the energy range
considered here, neutrino fluxes from other processes
such as 7Be or 8B decay do not contribute meaningfully.
In particular, we investigate how light mediators can give
rise to more recoil events in the detector.
The number of recoils in the detector per unit energy
can be written as
dR
dER
= F(ER) 
mT
∫
dEν
dφν
dEν
dσν
dER
, (1)
where  is the exposure and mT is the mass of the target
electron or nucleus. The parameter F(ER) is a correc-
tion which is based upon a series of step functions taking
into account that only certain electrons inside the Xe tar-
get are available to scatter off for a given recoil energy,
following [28].
In the Standard Model, the neutrino-electron scatter-
ing cross section is given by
dσSMνe
dER
=
G2Fme
2pi
[
(gv + ga)
2 + (2)
(gv − ga)2
(
1− ER
Eν
)2
+ (g2a − g2v)
meER
E2ν
]
,
where GF is the Fermi constant, me is the electron mass,
ER is the electron recoil energy and Eν is the incoming
neutrino energy. The gv and ga couplings depend on the
neutrino flavor. For electron neutrinos we have
gev = 2 sin
2 θW +
1
2
; gea = +
1
2
, (3)
while for muon and tau neutrinos
gµ,τv = 2 sin
2 θW − 1
2
; gµ,τa = −
1
2
, (4)
where sin2 θW = 0.23 is the weak mixing angle. Neutri-
nos coming from the Sun are an incoherent admixture of
νe and νµ,τ . The P (νe → νe) survival probability inferred
from solar neutrino measurements is approximately 55%
[29–31]. To avoid clutter, we will omit the flavor indices
from gv and ga in the cross section formulas that will be
discussed below.
This expression changes in presence of new mediators
of the interactions between neutrino ν and electron e. In
the following we will consider three types of new medi-
ators, namely a spin-0 particle with scalar couplings, a
spin-1 particle with axial couplings and a spin-1 particle
with vector couplings. In principle we could also have a
pseudoscalar mediator, but since the cross section is not
enhanced at low recoils (see Ref. [23]), constraints from
higher energy experiments that have measured ν−e scat-
tering cross section will typically rule out this scenario.
We have verified that this scenario does not lead to an
improvement in either fit or exclusions. Therefore, we do
not consider it here. The expected deviation from the
Standard Model ν− e scattering cross section for each of
these cases are summarised below.
• Scalar mediator (with mass mφ) and scalar cou-
plings
L ⊃ (gν φν¯RνL + h.c.) + φ¯`gl` (5)
dσνe
dER
− dσ
SM
νe
dER
=
g2νg
2
eERm
2
e
4piE2ν
(
2ERme +m2φ
)2 . (6)
• Vector mediator Z ′ (with mass mZ′) and vector
couplings
L = gνZ ′µν¯LγµνL + Z ′µ ¯`γµgl` (7)
3dσνe
dER
− dσ
SM
νe
dER
=
√
2GFmegvgνge
pi (2ERme +m2Z′)
+
meg
2
νg
2
e
2pi (2ERme +m2Z′)
2 . (8)
• Vector mediator Z ′ (with mass mZ′) and axial vec-
tor couplings
L = gν,Z′Z ′µν¯LγµνL − Z ′µ ¯`γµglγ5` (9)
dσνe
dER
− dσ
SM
νe
dER
=
√
2GFmegagegν
pi (2ERme +m2Z′)
+
meg
2
νg
2
e
2pi (2ERme +m2Z′)
2 . (10)
We note that due to the structure of the couplings, there
can be a positive or negative interference between the
vector or axial amplitudes and the standard model ampli-
tude, depending on the values of ge and gν . For simplic-
ity, we assume ge and gν to have the same sign through-
out this paper.
Such new forces are already tightly constrained, since
new (light) mediators induce new electron-electron,
electron-neutrino and neutrino-neutrino interactions.
For example, constraints on the coupling of neutrinos to
each other via a new mediator have been studied exten-
sively in the context of majoron theories. In particular,
if the self-coupling of neutrinos is too large, then super-
novae cores will cool too rapidly, resulting in a lower over-
all luminosity of neutrinos, even if the mediators decay
back into ν [32, 33]. This leads to a constraint on the
coupling of mediators to a new scalar which are approx-
imately
gν . 2× 10−9
(
MeV
mφ
)
. (11)
The constraints on ge from e − e scattering in super-
novae, red giants and the Sun are even more constrain-
ing across the entire region of interest as we will dis-
cuss in Sec. IV. There is however a strong constraint
from the effect that new energy transport mechanisms
can have upon both the Sun and hotter helium burn-
ing stars observed in globular clusters, which yields very
strong constraints on new interactions between electrons
due to the presence of a new mediator. Naively it seems
that any mass less than around 0.1 MeV would be ruled
out [34, 35] however as pointed out by the authors of
[34] it is possible that islands exist where interactions be-
tween new mediators and electrons are sufficiently strong
as to prevent deviation from normal energy loss or nor-
mal energy transport within the star becoming impor-
tant. Previous analyses, for example [26] have pointed
out that energy loss of a mediator with couplings above
10−8 can be considerable over a short distance. Further
study seems to be required to shed light on the possi-
bility of such interactions being viable within stars. For
the time being we will proceed without recourse to the
effects of these astrophysical constraints on the accept-
able parameter space and discuss them at the end of the
paper.
In terms of constraints on new electron-neutrino cou-
plings the GEMMA experiment [36] yields a strong con-
straint of
√
geZ′gνZ′ ≤ 5 × 10−7 for mediators m < 10
keV, and subseqently weakens with the mass of the medi-
ator above this limit. Other experiments also contribute
significantly to these constraints, such as TEXONO [37]
(low masses), Borexino [26, 31, 38] (intermediate masses)
and CHARM-II (higher masses) [27]. In the region of
interest for us, GEMMA and Borexino provide the dom-
inant constraints.
New electron-electron interactions should be sensitive
to the presence of a fifth force for mediator masses be-
low 100 eV and atomic physics constraints are important
at keV masses and much larger couplings, but neither
regime will be important for the regions favoured by the
fit.
Another constraint is the effect of a new gauge bo-
son upon the anomalous magnetic moment of the elec-
tron and the muon. The typical couplings that we will
probe here will have a small effect on these quantities but
not enough to either violate observational constraints nor
solve the well publicised discrepancy between theory and
experiment [27]. Unfortunately for the mediator mass
which we will find to be favoured by the fits, one runs
into tension with the (g−2)e bound before one is able to
perhaps ameliorate the famous (g − 2)µ tension.
III. RESULTS
In this section we show results of analysing the
XENON1T electron recoil data in light of a new scalar
or vector mediator. We extract the data and errors from
[17]. We allow the overall normalisation of the back-
ground to vary with a gaussian error of 2.6% reflecting
uncertainty in the rather flat contribution of decay prod-
ucts from lead over the area of interest. We allow the
efficiency to vary with a gaussian error of 3% around the
central value reported by XENON1T.
We do not distinguish between vector and axial vector
because the cross sections turn out to be nearly identical
once the νe survival fraction is accounted for. For each
interaction type considered here (scalar & vector), we
first perform a scan over masses and couplings to extract
the significance of the improvement over the background-
only hypothesis. In Fig. 2 we show the best fit region
(blue) and excluded region (yellow) as a function of the
couplings
√
gegν and mediator mass. We compare each
point with the maximum likelihood in the background-
only hypothesis. Significance is estimated assuming the
4FIG. 2. Constraints from the low-energy XENON1T data on
the interaction of solar neutrinos via a new vector mediator.
Dark blue regions correspond to an improved fit by 1 and
2 sigma over the standard model-only hypothesis, while the
yellow region is excluded by the data at 95% CL. In dashed
pink we plot the upper limit from GEMMA [36].
test statistic follows a chi-squared distribution with 2 de-
grees of freedom. We also overlay constraints on
√
gegν
from GEMMA and Borexino (pink, dashed).
It is clear that the GEMMA/Borexino line rules out
the scalar mediator interpretation while the vector/axial
vector case survives. GEMMA is more important in the
scalar scenario because the ν−e differential cross section
goes like E−1R , compared to E
−2
R for the vector case, see
eqs. (6) and (8). We also note that a pure pseudoscalar
yields no improvement in this parameter space. The re-
sulting χ2 statistics as a function of the mediator mass
are shown in Fig. 3, profiled over values of the coupling√
gegµ.
The electron recoil spectra expected given our best
fits are plotted in Fig. 1 as solid lines. For each case,
we show the best fit differential scattering rate dN/dER
FIG. 3. Minimum χ2 as a function of mediator mass for the
scalar and vector mediator scenarios. The couplings of the
mediator to neutrinos and electrons have been profiled over.
.
from the signal plus background, in addition to a thin
dotted curve that indicates the location of the refitted
background event rate, accounting for the efficiency and
background curve error. Finally, we include in dashed
green the best fit that we obtained using the same tech-
nique with the neutrino magnetic dipole model explored
in [17]. The latter is slightly less favoured (∆χ2 ' 1)
than the light mediator model, due to a higher predicted
rate at energies between 5 and 15 keV leading to less of
a “peak” at low energies.
IV. DISCUSSION AND CONCLUSION
In the results section we saw that the excess observed
in electron recoil events might be explained by an en-
hanced cross section between neutrinos and electrons
which would boost the interaction of pp neutrinos with
the electrons in the xenon atoms making up the tar-
get mass of the XENON1T detector. We observed that
couplings of
√
gegν ∼ 3 × 10−7 and a mediator mass
mmed ∼ 20 − 50 keV provided the best fit. This in-
creased the goodness of fit of the data to the model by
∆χ2 = 8.1. There is a complete degeneracy between ge
and gν in this energy range so there is no motivation for
fitting the excess in allowing the two couplings to vary
independently, although there might be if one is trying
to evade astrophysical constraints.
This coupling avoids the constraints from GEMMA
and Borexino on enhanced interactions between neutri-
nos and electrons, as well as constraints from other dark
matter detectors. When we allow gν to vary indepen-
dently of ge we find that there is effectively complete
degeneracy and that the only criterion required from the
couplings is that the product has the correct value.
5It is only just possible to accommodate the value√
gegν ∼ 3 × 10−7 within the scope of terrestrial ex-
periments – the constraint from GEMMA is around√
gegν < 5 × 10−7. If we view our fit as a maximum
possible contribution of new physics, i.e. a constraint
rather than an indication of BSM physics, this means
that the XENON1T collaboration are about to lead the
field on setting constraints on new light mediator inter-
actions between electrons and neutrinos. This is a sig-
nificant achievement and demonstrates yet another way
in which large ultra low background dark matter detec-
tors designed to search for WIMPs are able to place con-
straints on a myriad of new physics in different areas.
However, returning to our interpretation of the excess
as being due to new physics, we do face a very sig-
nificant problem in the form of constraints from astro-
physics. Couplings between neutrinos and electrons via
new mediators inevitably lead to new ν−ν and e−e self-
interactions which themselves create problems. If we set
the two couplings equal to each other, the best fit region
is close to the boundary where energy loss in core col-
lapse supernovae would ultimately result in fewer overall
neutrinos from SN1987a [32, 33]. At the same time the
e − e interaction corresponding to that coupling implies
enhanced energy transport in both the Sun and especially
red giant stars, changing the temperature profile in the
core at the onset and during helium burning, which would
change the shape of both the red giant branch and the
horizontal branch in the HR diagram of globular clusters
[35, 39].
Often such additional contributions to the energy
transport inside stars provide strong constraints which
stop at extremely low couplings, far below what we are
considering for ge at the mass in question (20-40 keV
is constrained in the Sun but is even more tightly con-
strained in the hotter interior of the deep cores of red
giant stars) but also can in principle run out of con-
straining power at very high couplings. Indeed if the
couplings are high enough, any new mediators which are
produced on shell in one part of the star are re-absorbed
soon afterwards due to a lower mean free path with re-
spect to the temperature scale height. In this situation,
one can imagine that for very large ge couplings astro-
physical constraints could therefore weaken. Finally, we
note that ge couplings could be brought as high as around
3× 10−5 before coming into tension with measurements
of the electron anomalous magnetic moment (g−2)e [40].
Relatively recent in-depth studies into the precise topic
of such astrophysical constraints have considered these
possibilities and not found any obvious loopholes at
larger couplings [39]. There are also constraints on ge
from supernovae which might be even harder to avoid
[41]. We note that there are exotic models where the
mass of mediators depends upon the local environment
with varying levels of complexity (see for example [42])
and that if in the future this signal became stronger and
astrophysical bounds remain prohibitive at those cou-
plings, one might have to revisit those rather complicated
scenarios.
In summary, the recent result from the XENON1T
analysis shows that we are entering an era where the
ultra low background, ultra sensitive dark matter detec-
tors of the current era are reaping benefits in areas of
physics other than what they are designed for. Viewed
as a signal for new physics, the excess can be fit by var-
ious models including the one set out in this paper, but
most of them including the one presented above are at
odds with independent astrophysical bounds. Viewed as
a constraint on new physics, it demonstrates that dark
matter experiments are starting to constrain the proper-
ties of the neutrino sector. In the next years we expect
the XENONnT [43] and LZ [44] experiments to start to
operate with around 5 times the exposure of XENON1T
which will tighten the constraints on new physics. Future
argon experiments like Darkside-20k [45] and the poten-
tially even larger xenon experiments such as DARWIN
[46, 47] lead to exciting possibilities for probing a huge
variety of physics beyond the standard model.
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